Introduction {#Sec1}
============

Fluorescence spectroscopy represents an appropriate technique for investigating structural properties of fluorophores in liquid system \[[@CR1]\]. The electronic absorption and emission spectra of molecules in solution, respectively, give reliable information about solvation effects in the ground and excited states. In general, fluorescence emission of molecules is governed by Kasha's rule which states that fluorescence normally occurs from the lowest vibrational level of the first excited electronic state. It is obvious from this rule that fluorescence should be independent on the excitation wavelengths. On the other hand, it is known for some time, that the fluorescence bands maxima of some system (polar molecules) can shift towards longer wavelengths with an increase in the excitation wavelength \[[@CR2]--[@CR15]\]. This phenomenon is commonly known as red-edge effect \[[@CR2]\]. Since this effect is observed only under conditions of restricted mobility, it has been used as a potential tool to estimate the fluorophore (both intrinsic and extrinsic) environment in the organized biological assemblies as membranes, micelles, and proteins \[[@CR2]--[@CR15]\].

It is generally accepted that wavelength-dependent fluorescence involves emission from multiple states or different conformers of the molecule. In a medium where inhomogeneous distribution of species appears, each solute molecule with its own surrounding possesses different absorption and fluorescence band. As a result of this the absorption and emission spectra possess a complex nature i.e., an inhomogeneous broadening of electronic spectra. These conformations of solute molecules interchange rapidly in a fluid medium whereas in a rigid medium the probe molecules are trapped in various geometric configurations.

Ethyl 5-(4-aminophenyl)-3-amino-2,4-dicyanobenzoate (EAADCy, see insert of the Fig. [1](#Fig1){ref-type="fig"}) belongs to the fluorophores which show significant red-edge effect \[[@CR10]\]. The fluorescence intensity maximum position of the molecule under study in THF glass at 77 K shows considerable dependence on the excitation wavelengths. The origin of this behavior lies in the variety of solute-solvent interaction (fluorescence centers) in the ground and excited states. Such assembles of solute molecules excited in a narrow band causes a photoselection of different conformers of EAADCy, which emit own characteristic band. Fig. 1**a** Ground-state rotational potential and the corresponding rotamer distribution function *n*(*φ*), **b** Dipole moments in the ground and first excited states as a function of the dihedral angle

In the present paper, we are continuing our previous investigation of the spectral inhomogenity of EAADCy. We present results of systematic studies concerning the excitation-wavelength dependent dual fluorescence of EAADCy. Steady-state and time-resolved measurements are made on molecule under study in THF at room temperature. It is found that the ratio of the fluorescence intensity of the long-wavelength and short-wavelength fluorescence bands (*I*~*exc*~ (*LW*)/*I*~*exc*~ (*SW*) and *I*~*em*~ (*LW*)/*I*~*em*~ (*SW*)) strongly depends on the observation/excitation wavelength, whereas the wavelengths of the fluorescence excitation and fluorescence bands maxima are independent on observation/excitation wavelengths.

Theoretical Background {#Sec2}
======================

Recently, several theoretical models of the solvation of molecule in liquid solvent have been developed \[[@CR1]\]. Phenomenological description of inhomogeneous broadening of electronic spectra of organic molecules in solution has been given by Nemkovich et al. \[[@CR11], [@CR12]\]. They proposed a free energy diagram which describes the dependence of the free energy of the probe-environment centers (solvates) on the strength of the local electric field. According to Nemkovich et al., the ground-state solvate free energy can be written as: $$\documentclass[12pt]{minimal}
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From the above, it is evident that inhomogeneous broadening occurs because different set of solute molecule possesses different solvation shell and different strength of the reaction field *R*. The range of the inhomogeneous broadening, which dictates photoselection of the energetically different species, depends on the values of dipole moments of the dye molecules in the ground and excited states, and on the dielectric properties and structure of a solvent \[[@CR11], [@CR12]\].

As it was mentioned earlier, the excitation-wavelength dependence of fluorescence band intensity is a result of the existence of energetically different luminescence centers---solute molecules with different shell structure of the nearest solvent molecules (e.g., presence of various solute conformers having different geometries and absorbing at different wavelengths). In this case, it is necesary to use the rotamer distribution function *n*(*φ*) determined from Boltzmann's law: $$\documentclass[12pt]{minimal}
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Experimental Details {#Sec3}
====================

The solvent used in the present study (tetrahydrofuran---THF) was the spectroscopic grade and was used without any additional purification. Absorption, fluorescence excitation and emission spectra at room temperature were recorded using, respectively, a Shimadzu UV-2401 PC spectrophotometer and a Shimadzu RF-5301 spectrofluorometer with 5.0 nm band-widths in both excitation and emission. Fluorescence measurements were carried out using the triangular cuvette with frontal excitation to minimize the effect of reabsorption. The emission was observed perpendicular to the direction of the exciting beam. Thus the errors due to fluorescence reabsorption were reduced in a way that mathematical corrections were superfluous.

Time-resolved emission spectra of the sample were measured applying streak camera (C4334-01 Hamamatsu) and 2501 S spectrograph (Bruker Optics). Solid state Nd:YAG laser (PL 2143A/SS EKSPLA) and optical parametric generator (PG 401/SH EKSPLA) were used as an excitation light pulses source \[[@CR17]\].

Result and Discussion {#Sec4}
=====================

Steady-state Spectra of EAADCy {#Sec5}
------------------------------

To test whether the changes in the absorption, fluorescence excitation and fluorescence spectra originate from the solute conformers possesing different angles between their interatomic planes of the donor and acceptor moieties, a series of conformational semiempirical quantum mechanical calculations were carried out. We found that for EAADCy molecule the ground-state rotational potential is essentially flat (in the range from 60° to 120°) \[[@CR18], [@CR19]\]. Figure [1a](#Fig1){ref-type="fig"} shows the calculated ground-state (*S*~0~) rotational potential and the corresponding rotamer distribution function *n*(*φ*) determined from Boltzmann's low at 298 K, for the molecule under study. According to the Boltzmann's low, in the ground state about 33% of the all EAADCy molecules possess twist angle between two fragments (donor and acceptor) in the range from 60° to 120°. Thus, quantum-chemical calculations suggest the presence of various conformers in the ground state which have different geometry and absorb at different wavelengths. In addition, it should be noted that *φ*~*eq*~ (obtained using quantum-chemical calculations) does not differ from the mean twisting angle $\documentclass[12pt]{minimal}
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As it was mentioned earlier, the range of inhomogeneous broadening depends on the values of dipole moments of the dye molecules in the ground and excited states. From the quantum-chemical calculations \[[@CR18], [@CR19]\] (see Fig. [1b](#Fig1){ref-type="fig"}) it is evident that dipole moment of EAADCy in the ground state shows a very week dependence on the dihedral angle, whereas in the first excited state planar molecule possesses five times greater dipole moment than that with perpendicular donor-acceptor arrangement (i.e., 15.6 D versus 3.0 D). The large differences between $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\mu_{{S_1}}}\left( {ICT} \right) $$\end{document}$ suggest existence of molecules possessing different solvation shell and different strength of the reaction field *R*.

Figure [2a](#Fig2){ref-type="fig"} presents the observation-wavelength dependence of fluorescence excitation spectra (maxima position and shape of the spectra) of EAADCy in THF at room temperature. The major observation that can be made suggests the strong dependence of the fluorescence excitation spectrum on the observation wavelength. The long-wavelength fluorescence excitation band of EAADCy are composed of at least two bands, centered at about 360 nm and 430 nm. As it was shown in Fig. [2a](#Fig2){ref-type="fig"}, upon increasing the observation wavelength the intensity of the short-wavelength band at 360 nm decreases. This behavior is accompanied by an increase of the long-wavelength band centered at 430 nm. It is important to note here that each of the area under the fluorescence excitation and fluorescence (Fig. [2a and b](#Fig2){ref-type="fig"}) curves were normalized to unity. In this case, each of fluorescence spectrum corresponds to the emission of the same number of emitting EAADCy molecules. Fig. 2Fluorescence excitation spectra (**a**) and fluorescence spectra of EAADCy in THF at room temperature as a function of *λ*~*obs*~ (**a**) and *λ*~*exc*~ (**b**)

We also carefully examined the excitation-wavelength dependence of fluorescence spectra of EAADCy in THF. We found that upon increasing the excitation wavelength the intensity of short-wavelength fluorescence band decreases. This behavior is accompanied by an increase of the long-wavelength emission band.

Analyzing the fluorescence excitation (Fig. [2a](#Fig2){ref-type="fig"}) and fluorescence (Fig. [2b](#Fig2){ref-type="fig"}) spectra of EAADCy in THF obtained at different observation and excitation wavelengths, it is found that the ratio of the fluorescence intensity of the long-wavelength and short-wavelength fluorescence bands (*I*~*em*~ (*LW*)/*I*~*em*~ (*SW*)) strongly depend on the excitation wavelength. A typical excitation- and observation-wavelength dependent behavior is highlighted in Fig. [3](#Fig3){ref-type="fig"}. As it can be seen (Fig. [3b](#Fig3){ref-type="fig"}), when the excitation wavelength is increased from 360 nm to 445 nm, the ratio *I*~*em*~ (*LW*)/*I*~*em*~ (*SW*) increases from \~0.5 to \~8. It is important to note here that the ratio *I*~*em*~ (*LW*)/*I*~*em*~ (*SW*) is of the solute concentration independent (with the limit of experimental error). Fig. 3The ratio *I*~*exc*~(SW)/*I*~*exc*~(*LW*) (**a**) and *I*~*em*~(*LW*)/*I*~*em*~(*SW*) (**b**) as a function of *λ*~*obs*~ and *λ*~*exc*~, respectively

The steady-state fluorescence excitation spectra are also strongly observation-wavelength dependent. As can be seen (Fig. [3a](#Fig3){ref-type="fig"}) the ratio *I*~*exc*~ (*SW*)/*I*~*exc*~ (*LW*) undergoes a significant decrease when increasing the observation wavelength (e.g., from \~6.5 (*λ*~*obs*~ = 480 *nm*) to \~0.8 (*λ*~*obs*~ = 605 *nm*). This observation/excitation wavelength dependence is similar to the typical red-edge effect observed in low-temperature glasses, polymer matrixes, and organized assemblies such as micelles, vesicles, proteins and membranes \[[@CR2]--[@CR15]\].

These results, as well as, our previous study \[[@CR10], [@CR18]--[@CR20]\] indicate that for EAADCy a distribution of spatial conformers (lie in difference of rotational angles between donor and acceptor moieties) is always present (see Fig. [1](#Fig1){ref-type="fig"}). When the excitation is carried out at the maximum of the absorption band, the conformers having perpendicular or nearly perpendicular geometry (*φ* \~ 90°) are excited. As the excitation wavelength is shifted to the red, the rotamer with different angles (0 \< *φ* \< 90°) between their interatomic planes is selectively excited. It can be concluded that *ICT* state (long-wavelength fluorescence band) may be formed either by further geometrical changes of the normal conformer (*φ* \~ 90°) in the locally excited state or directly by excitation of flattened conformers.

Time-resolved Emission Spectra and Fluorescence Decay Times of EAADCy {#Sec6}
---------------------------------------------------------------------

In order to confirm the interpretation of the steady-state measurements data, the time-resolved emission spectra and from them calculated fluorescence decay times of EAADCy in THF were investigated. These measurements were carried out at 5 ns range of streak camera window, what gave us point-to point time resolution of 10.86 ps per point. Figure [4](#Fig4){ref-type="fig"} shows the emission spectra of EAADCy in THF at various times after excitation (*λ*~*exc*~ = 400 *nm*). As can be seen, upon increasing the time after excitation the short-wavelength (*LE*) and long-wavelength (*ICT*) fluorescence maxima positions are red-shifted. Figure [4](#Fig4){ref-type="fig"} clearly shows that a pronounced shift of the SW and LW bands occurs already at very short time after excitation. In order to make it more evident, the temporal behavior of $\documentclass[12pt]{minimal}
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                \begin{document}$$ \tilde{\nu }_{LW}^{\max }(t) $$\end{document}$ are shown in Fig. [5](#Fig5){ref-type="fig"}. Fig. 4Time-resolved emission spectra of EAADCy in THF at room temperature at various times after excitation (*λ*~*exc*~ = 400 nm)Fig. 5Time-dependence of the frequency of the short-wavelength (SW) and long-wavelength (LW) emission band maximum of EAADCy in THF

In order to determine the Stokes-shift correlation function *c*(*t*), the time-dependent frequencies $\documentclass[12pt]{minimal}
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                \begin{document}$$ \tilde{\nu }_{LW}^{\max }(t) $$\end{document}$ are normalized according to Eq. [4](#Equ4){ref-type=""}. Figure [6](#Fig6){ref-type="fig"} illustrates the resulting *c*(*t*) curves for short-wavelength and long-wavelength fluorescence bands. The decay times (obtained for different *λ*~*exc*~) of *c*(*t*) are summarized in Table [1](#Tab1){ref-type="table"}. Analyzing the experimental decay data, it follows that the obtained $\documentclass[12pt]{minimal}
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The experimental decay curves were fitted to a multiexponential function $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} collects the calculated fluorescence decay time data, *τ*, and the preexponential factors, *A*, describing the contribution of the *i*-th fluorescence decay component of the total emission. This results point that the luminescent solution of EAADCy in THF established a spectroscopic inhomogeneous system attributed to the emission from locally excited, *S*~1~ (*LE*), and intramolecular charge transfer, *S*~1~ (*ICT*), states. For all studied excitation wavelengths (370 nm, 390 nm, 400 nm, 420 nm) emission decay exhibits fast (*τ*~*LW*~ ≅ 0.22 *ns*) and slow (*τ*~*SW*~ ≅ 5.7 *ns*) decay components. The slow decay component originated from the emission of locally excited state (perpendicular conformer), whereas the fast decay component results from an ensemble of spatial conformers possessing the *ICT* structure (flattened conformer). It is important to note here that the relative amplitude of *LE* and *ICT* emissions strongly depend on the excitation wavelength. The preexponential factor *A*~*SW*~ (describing the contribution of the *LE* fluorescence decay component of the total emission) decreases with increasing excitation wavelength from 78% for excitation at 370 nm to 43% for excitation at 420 nm. In contrast, as the excitation wavelength is increased from 370 nm to 420 nm, the *A*~*LW*~ increases from 22% to 57%.

Conclusions {#Sec7}
===========

Analyzing the data obtained from the steady-state, time-resolved measurements and quantum-chemical calculations one can state that: At room temperature, EAADCy exists as an equilibrium mixture of various conformers having different geometry (in the range from 60° to 120°) and absorb at different wavelengths. As the excitation wavelength is changed, a slightly different species are excited.The ratio of the fluorescence intensity of the long-wavelength and short-wavelength fluorescence bands strongly depends on the observation/excitation wavelength, whereas the wavelengths of the fluorescence excitation and fluorescence bands maxima are independent on the observation/excitation wavelengths in accordance to the Kasha rule.The difference between Stokes shift in the *LE* and *ICT* states was attributed to the solvent response to the large photoinduced dipole moment of EAADCy in the fluorescent charge transfer state.The excitation wavelength dependent biexponential decay times (and preexponential factors *A*~*SW*~ and *A*~*LW*~) of EAADCy in THF lead us to conclude that *ICT* state really may be formed either by further geometrical changes of the locally excited conformer or directly by excitation of flattened conformers.
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